Evidence that the pool of insulin-producing β cells in the pancreas is reduced in both major forms of diabetes mellitus has led to efforts to understand β cell turnover in the adult pancreas. Unfortunately, previous studies have reached opposing conclusions regarding the source of new β cells during regeneration in the adult pancreas. In this issue of the JCI, Xiao et al. use a novel mouse model for detecting new β cells derived from non-β cells to demonstrate the absence of β cell neogenesis from non-β cells during normal postnatal growth and in models of β cell regeneration. This work adds to mounting evidence that in most physiological and pathological conditions, β cell neogenesis may not make large contributions to the postnatal β cell pool -at least not in rodents.
We have long known that type 1 diabetes results from the autoimmune destruction of β cells. More recently, a consensus has developed that the most common form of diabetes, type 2 diabetes, results from the failure of β cells to compensate for increased insulin demand, which is associated with the increased calorie intake and decreased exercise that characterizes our modern life. Many factors may contribute to β cell failure in type 2 diabetes, but the total number of β cells, i.e., β cell mass, is clearly one important contributor. At autopsy, β cell mass varies substantially among young nondiabetic adults in the population, to a degree that exceeds the variation in height, weight, or BMI (1). Furthermore, β cell mass is greater in settings of increased insulin demand, such as pregnancy (2, 3) and obesity (4) (5) (6) (7) (8) , suggesting some plasticity in the size of our β cell pool. Most importantly, all studies to date have demonstrated that patients with type 2 diabetes have reduced β cell mass, despite their increased insulin demand (4-9). It seems fairly obvious, therefore, that to understand the pathogenesis of diabetes and develop better therapies, we need to understand what controls the size of our pool of β cells, how much capacity we have as adults to generate new β cells, and where those β cells come from.
Rodent models of β cell generation give conflicting answers Unfortunately, we cannot measure β cell mass in live humans, determine how that mass might change over time, or trace the source of any newly formed β cells. Therefore, studies of β cell growth and regeneration have turned to animal models, most commonly that of rodents. During fetal development in rodents, β cells differentiate from non-β cell precursors through a process termed neogenesis (Figure 1 ). Studies in rodent embryos have worked out the pathways and genes involved in fetal neogenesis of β cells (10) . A critical step in this process is the decision by pancreatic progenitor cells to adopt an endocrine fate, as opposed to an acinar or duct cell fate. The transcription factor neurogenin 3 (NGN3, also known as Neurog3) controls the endocrine fate decision: its activation in scattered cells within the cords of pancreatic progenitor cells that form the fetal pancreatic ducts is both necessary and sufficient to drive their differentiation into endocrine cells (10) . Because NGN3 expression is transient, it also acts as a useful marker of cells in the process of differentiating into endocrine cells, and the abundance of these NGN3-expressing endocrine progenitor cells is often used as a surrogate for the rate of fetal endocrine cell neogenesis.
Fetal neogenesis of β cells in rodents stops at birth (11) (12) (13) (14) , but the newly differentiated β cells, which are initially quiescent, start to proliferate rapidly, outstripping the overall growth rate and insulin requirement of the organism (15) . This perinatal wave of proliferation also occurs in humans and causes a growth spurt in the β cell population that establishes the size of the β cell pool prior to the onset of puberty and adulthood (1) . Once this wave contradictory results by showing that the ductal NGN3 + cells identified in the partial duct ligation model actually originate from acinar cells that rapidly acquire characteristics of fetal pancreatic duct cells after duct ligation (21) .
Interestingly, studies using a recently described mouse model of extreme β cell loss that involves treatment with diphtheria toxin to selectively destroy β cells expressing a human diphtheria toxin receptor transgene revealed a robust capacity for β cell regeneration, but many of these new β cells originated from glucagon-expressing α cells and not from Sox9 + duct cells (22, 23) . In contrast, another group found that when the same diphtheria toxin receptor model was used to ablate all islet and acinar cells, β cells regenerated from the remaining duct cells (24) .
A new assay for β cell neogenesis in mice
In the current issue, Xiao et al. readdress the question of whether new β cells can be generated by neogenesis in the adult pancreas (25) . In a novel aspect of this study, instead of directly determining the lineage of new β cells by labeling potential precursor cell populations, the authors developed a system for marking any new β cell derived from a non-β cell. They employed a dual reporter system in which expression of Cre recombinase driven by the insulin promoter causes the deletion of a red fluorescent reporter and simultaneously activates a green fluorescent reporter. In the pancreas of these animals, if a red non-β cell differentiated into a β cell (neogenesis), it would turn on the insulin gene and Cre recombinase. For a brief period, the overlap of red and green fluorescence would produce a yellow signal, until the red fluorescent protein degraded and the cell turned permanently green. Using these mice, they found that the developing fetal pancreas contained both yellow and green β cells, but starting a few days after birth, only green β cells were found, consistent with prior studies which demonstrated that the postnatal expansion of the β cell pool comes from proliferation of preexisting β cells, not from β cell neogenesis.
The authors then addressed the issue of adult β cell regeneration. Admirably, they tested multiple models of β cell expansion and regeneration. In all of the models tested -pregnancy, β cell ablation with β cell toxins alloxan or streptozotocin, partial pancreatectomy, and duct thus did not arise via neogenesis or transdifferentiation from a non-β cell source (18) . Further, Dor et al. found no evidence of substantial contributions from neogenesis to the regeneration of β cell mass after partial pancreatectomy, although they could not rule out a small contribution, and they did not test other models of adult β cell expansion or regeneration.
In contrast, in 2008 Xu et al. reported the first explicit evidence of neogenesis in the adult mouse pancreas (19) . They showed that partial duct ligation, a time-honored model of pancreatic damage (17) , induced the formation of NGN3 + cells near the ducts of the damaged lobes of the ligated pancreas and that new functional β cells derived from those NGN3 + cells. Following this report, Inada et al. used a carbonic anhydrase II promoter to mark duct cells prior to duct ligation and showed that duct cells contributed to the generation of new β cells after partial duct ligation (20) . However, 2 subsequent studies using the Hnf1β (12) and Sox9 (14) promoters to genetically mark the duct cells and trace their descendents failed to show any contribution from duct cells to β cell regeneration after partial duct ligation. A recent study from Pan et al. provides a potential explanation for these passes, rates of β cell proliferation drop dramatically and slowly decrease further with age in both humans and mice.
After the perinatal wave of proliferation, how much capacity does the mature pancreas retain to generate new β cells? A long-standing literature has attested to the ability of the pancreas to increase β cell mass in adults of multiple mammalian species in settings of increased insulin demand due to weight gain, glucose infusion, or pregnancy, and to regenerate β cells in response to pancreatic damage or selective β cell loss. In many of these studies, indirect evidence from morphological assessment and mathematical deduction based on differences between rates of proliferation and growth of the β cell population supported the conclusion that neogenesis plays an important role in adult β cell replacement, expansion, and regeneration (reviewed in refs. 16, 17) . In 2004, however, a prominent study changed the debate regarding sources of β cells in the adult pancreas. Using a tamoxifen-inducible Cre recombinase transgene to permanently mark the existing β cells in young adult mice, Dor et al. showed that most, if not all, of the β cells present a year later descended from those initial β cells and ligation correlate with the probability of neogenesis supports this conclusion (28) .
Finally, we have to remember that studies directly measuring neogenesis have never been performed in the most clinically relevant species: humans. Even if we definitively identify the cellular sources of β cell regeneration in mice, there is good reason to believe that the same conclusion may not apply to humans (29) . After more than a century of studying idiosyncratic models in other species, an important future goal for the field must be the development of improved tools for studying β cell mass and regeneration in humans. ligation -they detected no evidence of significant β cell neogenesis (25) . Interestingly, a very recent report by Rankin et al. also supports the conclusion that partial pancreatic duct ligation does not induce β cell neogenesis, and further, that there is no net increase in the β cell population in the ligated lobe of the pancreas, regardless of the source (26) .
Despite the lack of neogenesis, Xiao et al. did see activation of NGN3 in cells along the ducts after duct ligation (25) , as others have reported (14, 19, 21) . Furthermore, they found that extracts from the damaged, ligated lobe of the pancreas could induce a marked increase in NGN3 expression in purified β cells in culture. They concluded that signaling molecules related to the damage and extensive inflammation in the ligated lobe of the pancreas induce NGN3 expression, but not β cell neogenesis.
Conclusions
So what conclusions can we draw other than the necessity for more studies? Former US Secretary of Defense Donald Rumsfeld once said of the hunt for weapons of mass destruction, "absence of evidence is not evidence of absence" (27) . This is not strictly true, of course. Absence of evidence does provide evidence of absence, just not proof of absence. To prove that an event never occurs is tough. One could argue that evidence of the absence of β cell neogenesis in the adult pancreas is mounting, but that conclusion disregards several well-performed studies that provided direct evidence of at least some adult β cell neogenesis in mice and indirect evidence in humans (2, 6, (19) (20) (21) 24) .
However, it should not be assumed that all partial pancreatectomy models or all duct ligation models are equivalent, as the degree and exact type of damage may depend on subtle differences in the surgery and these may impact the signaling events that ensue. The results from Xiao et al. showing that damage to the ligated lobe of the pancreas generates signals that induce NGN3 expression provides a possible explanation for these conflicting results: differences in the degree and type of damage might impact the maximum level of NGN3 induction and thus the capacity to induce neogenesis. A recent report stating that levels of NGN3 induction after duct
